ABSTRACT A theoretical model is developed for predicting permeability of a porous transducer, which is a crucial component of liquid circular angular accelerometer and sintered by glass microspheres. The proposed permeability model of the transducer is determined with consideration of its shape factor, tortuosity, and particle size distribution (PSD) characterized by equivalent mean diameter and skewness. A novel analytical method for calculating the shape factor for the arbitrary cross-section area is derived. In addition, a tortuosity model is designed by fitting skewness and tortuosity of particle packing beds in a regular tetrahedron microspheres arrangement structure. Together with the analytical model of shape factor, the tortuosity fitting model and a method to determine equivalent diameter from PSD, the permeability model is implemented to compare with Kozeny-Carman (KC) model. The experiments are performed to measure the permeability of four types of porous transducers fabricated with different PSDs and consequently validate the permeability model. The results indicate that the proposed model can be utilized for predicting permeability of porous transducer with higher precision.
I. INTRODUCTION
Recently, the research in porous media and reservoir rocks has drawn lots of attention, especially in porosity and permeability [1] , [2] , which are essential parameters of electrokinetic effect. It is applied to a new type of motor measurement instrument, liquid circular angular accelerometer (LCAA) [3] - [8] , which is developed to meet the application requirements for angular acceleration in different fields, such as motion recognition [9] - [11] and biomedicine [12] - [14] . Porous transducer [3] is the key component of LCAA due to a conversion between differential pressure generated by input of angular acceleration, and streaming potential characterizing the electrokinetic effect [15] , which exists in the interface between porous transducer and fluid mass flowing through the microchannels.
Previous research on the characteristic parameter permeability has been mainly focused on porosity and particle size distribution (PSD) [5] , [16] - [20] . The analytical model of Kozeny-Carmman method [16] , [17] and Blake-Kozeny
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method [18] were applied for predicting permeability of different porous media with different empirical KC constant separately. Considering PSD, a modified Blake-Kozeny [19] was derived by adopting a special equivalent radius. However, few investigations have been done on the effect of shape factor [16] , tortuosity and skewness of PSD [5] . A permeability model for porous transducer [5] was proposed by our group, with considering shape factor estimated by simulation and tortuosity without presenting a specific model, but replacing by determining the ratio of equivalent diameter to tortuosity.
Tortuosity is defined as a ratio between the actual length of flow path and the thickness of porous media along pressure gradient, which is crucial to improve the understanding of fluid mass transport in porous transducer and the accuracy of permeability model. To determine the mechanism of tortuosity, analytical models [21] - [24] and numerical methods [25] - [29] were developed based on different microstructure of porous media. However, previous tortuosity models [21] , [23] , [24] , [30] were proposed with utilizing ideal microstructure and without considering PSD. Porosity limitation for previous models is another problem for referred porous transducer with a porosity range as 0.36-0.42. Specifically, Yun et al. [24] proposed a geometrical tortuosity model based on 3D microstructure of regular triangle arrangement (RTA) with the porosity more than 0.395. Another 3D tortuosity model based on representative volume with regular tetrahedron microstructure (RTM) [30] was available for the single spherical solid particles beds with the porosity not lower than 0.1115. This paper reports on a high precision permeability model for porous transducer designed by glass microspheres. Firstly, a novel analytical method is utilized to calculate the shape factor for microchannels with arbitrary cross-section area. Secondly, based on a 3D tortuosity model [30] and considering PSD characterized by equivalent mean diameter [19] and skewness [5] , a new tortuosity fitting model is built. In order to evaluate the performance, the proposed tortuosity model and different previous models are used to predict the tortuosity data and compare with the experimental results. Combining the tortuosity fitting model with shape factor and equivalent mean diameter, the modified KC model is proposed for predicting permeability of transducers. The results indicate that the modified permeability model performs with higher precision in transducers with different PSDs.
II. THEORETICAL ANALYSIS
This section introduces the porous transducer of LCAA. The significance of permeability modeling for porous transducer is illustrated by interpreting its effects on fluidic system and electrokinetic effect. Then, with the notion of equivalent diameter of microspheres, KC model is modified with the consideration of shape factor for fluid channel, tortuosity of transducer, and skewness of PSD. 
A. PERMEABILITY OF POROUS TRANSDUCER
The system structure of LCAA, named J2-01 [3] , is illustrated in Fig. 1 . The porous transducer is a crucial component of LCAA, which sintered by glass microspheres under high temperature and embedded in glass tube. Transducer is used to carry out electrokinetic process and its zeta potential ζ depends on the properties of fluid mass and porous transducer, especially permeability (K ). Generally, ζ can be derived by streaming potential coefficient (SPC) denoted as K sp [31] :
where ε 0 , ε r , µ, and σ 0 is the permittivity of vacuum, the relative permittivity, the viscosity and the bulk conductivity of fluid mass, respectively. Also, s means the surface conductance of the interface between fluid mass and porous transducer, while c denotes a constant parameter determined by actual pore shape and F represents the formation factor of porous medium. Moreover, the mechanical process of LCAA is also influenced by permeability of porous transducer according to [6] , represented as:
where ρ and R separately means the density of fluid mass and the radius of the circular tube, H denotes the thickness of the transducer, and s is the complex frequency. The improved Kozeny-Carman model proposed by Fu et al. [5] , is specifically as:
where φ is the porosity of porous transducer, d p means the equivalent mean diameter of glass microspheres in VOLUME 7, 2019 transducer, k 0 denotes the shape factor, and τ is the tortuosity of microchannels.
In the following subsection, the influence factors in permeability model are analyzed, specifically including deriving shape factor for arbitrary cross-section area of microchannels and predicting tortuosity for porous transducer.
B. SHAPE FACTOR FOR MICROCHANNELS WITH ARBITRARY CROSS-SECTION AREA
With following assumptions: (i) fully developed, steady-state laminar flow in microchannels, (ii) constant fluid mass properties, such as dynamic viscosity, (iii) without considering the slip-on-the-wall and surface properties effect, and body forces such as gravity and electromagnetic, the shape factor for arbitrary cross-section area with the boundary , constant cross-section area A, and constant perimeter P is analyzed [32] . The governing equation for fully-developed laminar flow is given as [32] :
with v = 0 on boundary, where v and z denotes the fluid velocity and the flow direction, respectively. The no-slip condition on the wall is used for the boundary velocity condition. After analyzing analytical solution for microchannels, the mean velocity for laminar fluid flow is presented by:
where f (·) is a function only depending on size and shape of microchannels cross-section area, p and L is the pressure difference applied to the ends of microchannels and the length of channels, respectively. According to the mean velocity for special geometrical microchannels [32] , the function f (·) is derived as:
Note that I p is the polar moment of inertia, specifically in
+ y 2 dA. The shape factor for microchannels with well-defined cross-section can be written into [5] 
where R h = A/P is the hydraulic radius, v f is the mean velocity, and L f denotes the characteristic length of microchannel, which is equal to L. So that the shape factor can be rewritten as
Substituting (6) in to (8) , the shape factor is finally interpreted as
which can be extended to arbitrary cross-section area. 
C. TORTUOSITY PREDICTING MODEL BASED ON REPRESENTATIVE ELEMENTARY VOLUME (REV) AND PSD OF POROUS TRANSDUCER
In this section, a three-dimensional tortuosity model is developed with consideration of geometry microstructure of REV in granular porous transducer, porosity and PSD characterized by equivalent mean diameter and skewness of microspheres. Compared to RTA [24] , the RTM [30] is chosen as REV because of the porosity limitation, illustrated in Fig. 2(a) . Without considering particles overlapping, the porosity of RTM [30] is more than 0.1115 according
As the complex structure of transducer, the RTM with single particle is not applicable and can be modified with considering of PSD by applying equivalent mean diameter d p of microspheres and skewness γ of PSD, where d p is chosen as [19] :
where (10) will be adopted in the analytical tortuosity model for RTM, specifically as [30] :
where p = 2d/d p is a dimensionless parameter. In addition, skewness γ is defined by [20] 
56192 VOLUME 7, 2019 where D p is the average diameter, which is different to equivalent mean diameter d p . σ means the standard deviation of D p . Porosity φ as well as tortuosity of RTM τ RTM would be influenced by skewness when equivalent mean diameter is the same, which presses research in a tortuosity fitting model by experimental method:
Note that the research is preliminarily focused on the porosity range of porous transducer in this paper, not including φ = 0 and φ = 1.
Combining shape factor k 0 (19) of the cross-section area illustrated in Fig.2(c) , equivalent diameter d p (10) , and tortuosity fitting model (15) , the permeability model presented by (3) would be modified.
III. EXPERIMENTS
In this section, the shape factor for cross-section area in RTM is achieved. A detailed sintering process for producing porous transducers with 4 different PSDs is described. In addition, a measurement method for transducer permeability and tortuosity is presented, including experimental conditions, some special parameters setting and important notices to make sure the accuracy in each step.
A. SHAPE FACTOR FOR CROSS-SECTION AREA BASED ON RTM
The Equation (9) is employed in order to obtain shape factor for red part shown in Fig. 2(c) . Perimeter and area of the red part are given.
Based on the parallel axis theorem, the polar moment of inertia for this area can be obtained from equilateral triangle deducting sector [32] , presented by
Combined in (9), the shape factor in Fig. 2(c) is determined as:
where p is varied with the porosity of porous medium with RTM structure [30] . Consequently, the relationship between shape factor and porosity of RTM has been established and is adopted to calculated experimental tortuosity.
B. POROUS TRANSDUCER PRODUCTION
In order to verify PSD effect on tortuosity model, glass microspheres with 4 different PSDs are chosen for sintering process. The laser particle size analyzer (Mastersizer 2000) is employed to measure PSD in cumulative probability diameter distribution. As shown in [20] , the cumulative probability diameter distribution can be transferred to be log-normal distribution, as shown in Fig. 3 , where the abscissa denotes a normalized microspheres diameter. Based on the conclusion of electrokinetic characters of the first production [8] , the second production of A1-A4 was actualized by adjusting PSDs. Main parameters of transducers with 4 different PSDs are listed in Table 2 . Specifically, the equivalent diameter is obtained by (10) , and the skewness is calculated by (13) . Porous transducer and its microstructure are illustrated in Fig. 1 . Its PSD is controlled by sieves with different size. After that, the chosen glass particles are sintered in special molds and combined tightly under high temperature. Each transducer should be taken a pre-test about size and porosity, which is tested by weight method [5] , [8] , and effective porosity is not available. 
C. PERMEABILITY MEASUREMENT
As illustrated in Fig. 4(b) , the electrokinetic instrument (SurPASS) is employed to take permeability measurements with high accuracy. The structure diagram of the main measurement system is shown in Fig. 4(a) , which constructed by measuring heads, valves, electrical driven syringes and other meters for solution, such as conductivity and pH meter.
The electrical syringes with the maximum of flow rate as 300 mL/min are used to drive solution flow through porous transducer which installed in cylindrical measuring cell, aiming at controlling pressure, tested by pressure sensor with the range of ± 100 kPa and the accuracy of ± (0.2% + 50) Pa. A 24-hours sample immersion in ultrapure water should be taken for porous transducer before installed in cylindrical sample cell, to shorten time to be stable measurement. Transducer is fixed by a special rubber ring to eliminate the gap between sample and sample cell, guaranteeing solution flowing through porous transducer not through gap. Based on the conclusion from [7] , the special rubber can also be used to avoid wall effect in measurement. Furthermore, to make sure the validity of Darcy's Law, each sample should be tested the relationship between differential pressure and flow rate as in [5] .
After that the permeability measurement is taken for 9-12 pieces sample for each type of A1-A4. The immesion process is finished and then, each sample is employed more than 6 tests in each flow direction under 22 ± 1 • C of environment temperature. During the test, the maximum differential pressure cannot exceed 20 kPa, and permeability can be calculated from average hydraulic gradient and flow velocity, which gained from the Darcy's Law. Afterwards, all permeability data is used to calculate tortuosity based on KC model.
IV. RESULTS AND DISCUSSIONS
In this section, the results of the introduced experiments are demonstrated and analyzed. Specifically, the shape factor for porous transducer based on RTM is derived. Then a fitting tortuosity model is proved to be valid by compared with previous models. Moreover, the improved KC model is completed by combining equivalent mean diameter, shape factor, and fitting tortuosity model. According to the experiment results, this permeability model has higher accuracy when compared to the KC model.
A. VALIDATION FOR SHAPE FACTOR
First, the estimated values gained from (9) were compared with empirical and simulated values for special cross-section area, including circle, equilateral triangle and square, where empirical and simulated values were separately given by Carman [16] , [17] and Fu et al. [5] . The results are included in Table 3 and occupy a highly consistency. Also, the shape factor for regular polygon is obtained by (9) and illustrated in Fig. 5 . Note that the shape factor for circle is equal to 2 when n tends to be infinity. Furthermore, the relationship between shape factor based on RTM and porosity given by (19) is presented in Fig. 6 . The triangle star cross-section area appears at the minimum porosity when d = 0. And a triangle comes out when d → ∞ or d p → 0. Note that porosity in (0.33, 0.45) is what concerned in this paper and the shape factor is varied from 1.4 to 1.5, not a certain value. As a result, Equation (19) is adopted to be shape factor in the introduced permeability model. 
B. FITTING MODEL FOR TORTUOSITY
In order to determine tortuosity fitting model, by using a part of sample data in Table 2 , together with the proposed shape factor, the actual tortuosity could be obtained inversely from permeability measured in SectionIII-C. Due to PSDs of A1-A4, the porosity φ and skewness γ is limited in a small range, specifically as φ ∈ (0.33,0.45) and γ ∈( 0.8,1.1 ). In addition, the ratio γ /φ is utilized because porosity is influenced by skewness for samples with same mean diameter. Based on the structure of RTM, an approximately relationship between τ ,τ RTM , and the ratio of γ /φ is given by (20) and manifested in Fig. 7 , furthermore compared with previous tortuosity models, which were referred in [23] , [30] , and [33] .
The results show that these three previous models only pay attention to porosity, and possess a decreasing trend in adopted porosity range. But for the proposed fitting model, the effect from skewness is analyzed and indicates that there is an inflection point of porosity. Specifically, before that point, a decreasing trend is presented. At that point, the minimum value of tortuosity is reached. Otherwise after that point an increasing trend comes out. Consequently, the minimum value of tortuosity and the location of inflection point (porosity) are changed by skewness.
In order to validate the fitting model, tortuosity data of other samples is implemented to compare with estimated value based on different tortuosity models including the fitting model. The results are presented in Fig. 8-Fig. 11 and the estimated relative error are concluded in Table 4 . The relative error included in Table 4 indicates that the fitting model is more promising, particularly compared with τ RTM without considering skewness. The estimated error as less than 10% is gained for all types of transducers. Note that the fitting tortuosity model would be equal to τ RTM as γ = 0.
Therefore, the conclusion can be reached that skewness not only changes the monotonic relationship between tortuosity and porosity, but also increases the value of tortuosity.
In addition, the models proposed by Dias et al. [33] and BoMing and JianHua [23] both possess a high precision only for types with small d p , like A1 and A2. There are several reasons behind that. Firstly, BoMing and and JianHua [23] employed that model based on square particles in RTA structure, proved to be more outstanding for porous with small diameter particle because of the limit for the angle VOLUME 7, 2019 Consequently, the fitting model is utilized as tortuosity in permeability model.
C. PREDICTING MODEL FOR PERMEABILITY
In this work, the predicting permeability model is employed to compare with classical KC model proved by Carman and experimental permeability measured in SectionIII-C. The relative error is illustrated in Fig. 12 . The utilized predicting permeability model is combining the mean diameter (given by (10)), the shape factor (presented by (19) ) and the tortuosity (modeled by (21)) in (3) . Also based on (3), the shape factor chosen as 2.0, the τ 2 as 2.5 and the diameter given by (10) is implemented in classical KC model.
The results demonstrated in Fig. 12 indicate that the proposed permeability model possesses a relative error lower than 20% for all samples from A1-A4, and more than half of them smaller than 10%. However, the error for classical KC model are located in 20% to 35% as part of them larger than 50%. For samples with smaller diameter like A1-A2, which result in smaller permeability, the difference between prediction model and experimental value is still inevitable resulting from experimental measurement and manufacturing process. It is difficult to maintain environmental condition due to long measuring time and to avoid glass particle distortion in sintering process.
V. CONCLUSION
In this paper, a permeability predicting model for porous transducer, which is crucial in LCAA and represented by RTM packing structure, is developed. Firstly, a method calculating shape factor for microchannels with arbitrary cross-section area is proposed. Secondly, the relationship between shape factor and porosity of introduced transducer is investigated. On the foundation of τ RTM [30] , a tortuosity fitting model considering skewness of PSD is analyzed and compared with previous tortuosity models. In addition, the equivalent mean diameter calculated by PSD is chosen. According to complex structure of porous transducer utilized in this work, the proposed permeability model combining shape factor, tortuosity and PSD characterized by equivalent mean diameter and skewness, is implemented to compare with classical KC model and measured permeability. The proposed tortuosity fitting model is proved to be valid with high precision and the improved permeability model is superior in accuracy. The predicting permeability model is able to improve the design of porous transducer and optimize performance of LCAA. 
